Introduction 41
Most of our understanding of the importance of biological diversity for mediating 6 remained at a constant soil moisture (5 -8% soil moisture content). If soil moisture in the 114 mesocosms fell below 5%, they were watered for 5 minutes with a sprinkler irrigation system. 115 Such an extreme reduction in soil moisture occurred only three times in the +5 °C warming 116 treatment and once in the +3.5 °C warming treatment throughout the duration of the experiment. 117 The mesocosms were actively warmed using 250-Watt infra-red heat lamps (Phillips 118 250W, 120 volt heat light) ( Fig. 1A) . We chose infra-red lighting because we believe this color 119 spectrum would not affect diurnal and nocturnal activity and behaviors in the ants. Previous 120 work with the ant Formica cuniculaia (a closely related species of F. subsericea in the fusca 121 group) shows this species to have a dichromatic visual system and is unable to distinguish color 122 differences at wavelengths >540 nm (Aksoy & Camlitepe 2012) therefore we believe the infrared 123 lightling was not detectable by the ants but the temperature manipulation was. To achieve a mean 124 temperature increase of 3.5 °C, the lamps were hung 120 cm above the surface of the 125 mesocosms. To achieve a mean temperature increase of 5 °C, the lamps were hung 60 cm above 126 the surface of the mesocosms. Lamp bulbs were left on continuously so that daily temperature 127 fluctuations were consistent across the treatments; bulbs were replaced as needed. One lamp 128 evenly heated four mesocosms through all soil layers, so we clustered the mesocosms in groups 129 of four; the distribution of the soil manipulation treatments was randomized within each 7 IPCC warming projections and at the Fisher meteorological station in Harvard Forest (Fig. 1B 137 and 1C, grey line) which documents daily temperature variation. 138 The ant 139 Formica subsericea is a common and widely distributed species that builds large nests in 140 soil. Its large colonies (hundreds to > 10,000 workers) typically are found in edge and open 141 habitats throughout eastern North America (Ellison et al. 2012) . The genus Formica has a 142 Holarctic distribution and many of the species in the diverse and widespread fusca group (which 143 includes F. subsericea) share similar natural history traits (Francoeur 1973; Gösswald 1989 ant colonies; no queens were collected or used in the mesocosms. We expected that individual 150 activity and behavior would not be affected by the absence of queens as ants self-organize tasks 151 without the need of direction from a reproductive caste (Oster & Wilson 1978; Gordon 2010) .
152
To keep the ants alive for the duration of the experiment, the ants in each mesocosm were 153 fed with a 5% sugar and 5% glutamine solution, which mimics honeydew, stored in a 50-ml vial 154 and replaced on a weekly basis (Fig. 1A) . The aqueous solution was contained in the vials with a 155 cotton ball and did not in any way leach into the soil filling the mesocosm. We counted and 156 removed the number of dead workers in each mesocosm on a weekly basis. Mortality rates 157 ranged from 10-22 ants per mesocosm and there were no significant differences in mortality rates 158 across treatments or between years.
8
Ecosystem processes 160 We measured mass loss (as an indication of decomposition rate) by placing two 161 fiberglass mesh bags filled with leaf litter on top of the soil in each mesocosm. Each bag 162 contained 1 g of dried (70 °C for 72 hr) whole red maple (Acer rubrum L.) leaves + 1 g of dried 163 whole red oak (Quercus rubra L.) leaves. One litter bag excluded ants because of the size of the 164 mesh (1-mm), while the second bag allowed ants access to the litter (mesh size = 10-mm). At the 165 end of the experiment, litter bags were removed from the mesocosms; the remaining litter was We determined the total amount of available nitrogen (NH4 + and NO3 -) as that captured 178 on ion-exchange resin bags placed in each mesocosm (Maynard, Kalra & Crumbaugh 2008) .
179
Approximately 5 g of resin was placed in a nylon mesh bag and pretreated with 2 mol L -1 KCl 180 before being placed in the mesocosms. Resin bags were placed 3 cm below the surface of the soil 181 and left in the mesocosm for the duration of the experiment during the 2012 season ( Fig. 1A) . Resins were returned to the laboratory and dried at 105˚C for 24 hours. Resins were then 183 extracted in 100 mL of 1 mol L -1 KCl for 48 hours. Resin extracts were filtered through a coarse 184 pore filter (0.45-0.60 µm), and inorganic N concentrations were determined colorimetrically with 185 a Lachat AE flow-injection auto-analyzer (Lachat Instruments, Inc., Loveland, Colorado, USA) 186 using the indophenol-blue and cadmium reduction methods for NH4, and NO3 respectively. 
193
We estimated the amount of soil moved by F. subsericea by sacrificing the colony at the 194 end of the experiment and creating a three-dimensional paraffin cast of the nest (Gulf Wax®, 195 Royal Oak, Roswell, GA) as described by Tschinkle (2010). We estimated the volume of soil 196 displaced from the weight of the cast and the density of the paraffin (0.9 g/cm 3 ). We also 197 recorded the maximum depth (cm from the surface) for every cast. in Appendix A). We divided the processes into two categories, those directly mediated by ants 205 10 and indirect effects expressed as the ant × treatment interaction. We defined direct processes as 206 those where the ants came in direct contact with the substrate (e.g., soil moved or litter shredded) 207 and indirect processes as those where the consequence of a direct effect altered the process in 208 question (e.g., soil respiration is influenced by soil moved and nitrogen capture is influenced by 209 shredded or decomposed litter). 210 We used partial least squares path modeling (plspm) analysis to evaluate the direct and 
214
Experimental replication and statistical power was higher for the ant addition and unmanipulated 215 control treatments, and these were used in the plspm analysis. nest, but we did not observe similar foraging in the 1-mm mesh bags. Decomposition was higher 228 11 in the 10-mm mesh bags than the 1-mm mesh bags (44% more litter loss in 2011, and 61% more 229 litter loss in 2012; P < 0.001), and litter loss decreased with increasing temperature (Figs. 2C, 230 2D; 84% decrease, P < 0.0001 [2011] ; 52% decrease, P = 0.002 [2012] ). In 2011 there was a 231 significant ant × warming interaction in leaf-litter-mass lost, with less litter lost in the warming 232 treatments (Fig. 2C ). In 2012 this interaction was not significant, but the trend was in the same 233 direction ( Fig. 2D , P = 0.09). Decomposition was highest in the controls in 2012, and there were 234 no significant differences among the ant addition or undisturbed warming treatments (Fig. 2D ).
236
Indirect effects of ants on ecosystem processes 237 In both 2011 and 2012, the presence of ants was associated with an ≈25% increase in soil 238 respiration rate (P < 0.01 [2011] ; P < 0.05 [2012] ; Figs. 2A, 2B ). In contrast, we observed an 239 effect of warming on soil respiration rate only in 2012: soil respiration rate was 38% higher in 240 the +3.5 ˚C treatment and 28% higher in the +5 ˚C warming treatment than in the control (P = 241 0.30 [2011] ; P < 0.01 [2012] ; Figs. 2A, 2B) . In 2011 there also was a significant ant × warming 242 interaction (Fig. 3A ), but this interaction was not observed in 2012 (Fig. 3B ).
243
Ammonium (NH4 + ) concentration in mesocosms with ants decreased 74% as temperature 244 increased (P<0.01, Fig. 3C ), but there were no effects of temperature on NH4 + concentrations in 245 the empty mesocosm controls. There was a significant soil treatment × warming interaction: as 246 NH4 + concentrations in the ant mesocosms decreased in the warmer treatments, NH4 + 247 concentrations in controls increased (P < 0.01, Fig. 3C ).
248
Similarly, when ants were present, nitrates (NO3 -) tended to decrease to undetectable 249 amounts with warming (P = 0.09, Fig. 3D ). Although NO3concentrations were highest when 12 ants were present in unheated mesocosms (P = 0.04; Fig. 3D ), there were no differences in NO3 -251 concentrations among mesocosms heated to either +3.5 or +5.0 ˚C.
252
Effects of ants, warming, and their interaction on NH4 + and NO3resulted in significant 253 effects on total available nitrogen (P < 0.01, Appendix A). In particular, when ants were added to 254 unheated mesocosms, nitrogen capture (a combination of mineralization and total nitrogen) was 255 four times higher than in empty mesocosms and the disturbance controls. These differences 256 were much less pronounced in warmed mesocosms and were driven largely by NH4 + 257 concentrations.
259
Path analyses 260 In both years, warming had direct negative effects on litter decomposition but the 261 presence of ants increased decomposition rates only in the 10-mm bags (Figs. 4A, 4B ). Little of 262 the variation in litter decomposition was explained by the ant × warming interaction in 2012 263 (Fig. 4B ). Ants had strong direct effects on the amount of soil moved, which led to strong 264 (indirect) effects of ants on daily CO2 flux. The indirect effects of ants were greater than the 265 effects of warming on CO2 flux in 2012. Ants also had indirect effects on nitrogen availability: 266 NH4 + concentration and NO3were affected by the negative relationship with warming, and NO3 -267 was positively affected by NH4 + concentrations (Fig. 4B) . in response to thermal stress. We speculate that the reductions in decomposition and nitrogen 279 availability could be due to reduced ant surface activity, but this merits further investigation.
280
Because we used mesocosm experiments to simplify the interactions between ants and ecosystem 281 function, our findings may not be entirely representative of natural systems, but rather show the 282 potential influence of warming on processes mediated by ants. conducted). This can potentially become an important issue as temperature is predicted to 292 increase globally and heat-waves occur at a higher frequency in future climates (IPCC 2013), 293 thus leading to some ants building deeper nests to optimize nest thermoregulation.
294
Ants decomposed more leaf litter under ambient temperatures, and up to 84% less in 295 warmer treatments. In fact, litter decomposition rates in the +5 °C mesocosms with ants were not 296 14 different from litter decomposition rates in mesocosms without ants. Decreased decomposition in 297 the warmed treatments may be attributable in part to desiccation caused by the infra-red heat 298 lamps, but the significant warming × soil treatment term also may indicate that ants reduced their 299 surface activity in the warming treatments (see also Diamond et al. 2013) , resulting in less litter work in the field, with moister forest soils that support a much richer soil microbial fauna. Soil 316 samples for microbial community assessment were taken prior to colony establishment within 317 the mesocosms and at the end of the experiments, however the DNA extracted from these soils 318 were not of a high enough resolution and quantification for analysis (data not presented). Finally, 319 15 the warming component of our experiment also may have affected lower trophic levels, and 320 other recent experiments have found that ants indirectly can alter decomposition rates by 321 changing the food-web structure of soil microarthopods (McGlynn & Poirson 2012) . 322 We consider the effect of ants on soil respiration an example of an indirect ant-mediated 323 ecosystem process (Del Toro et al. 2012) . In heated mesocosms, soil respiration increased when 324 ants were present, which is consistent with recent work by Jílková & Frouz (2014) . Ants may 325 affect soil respiration indirectly in at least two ways. By increasing soil movement, ants can 326 oxygenate soils, changing microbial community structure and increasing respiration rates warming. The well-drained substrate in our mesocosms kept soil moisture low (generally <8%) 330 but even a slight change in soil porosity and water retention can lead to changes in microbial 331 communities and ultimately explain the increased respiration rates observed in our experiment.
332
Soil respiration rates in the presence of Formica polyctena were higher in ant nests than in soils 333 with no ants (Jílková & Frouz 2014) . In that experiment, increased respiration rates in ant nests 334 may be partially attributable to honeydew inputs that can stimulate microbial communities in the 335 nest soil (Jílková & Frouz 2014) . However, the honeydew solution used to feed the ants in our 336 mesocosms was contained in closed tubes and the solution was only accessible to ants. Ant 337 presence in warmer and forested environments can also lead to increased ant respiration (Jensen 338 & Nielsen 1975; Nielsen 1986; Domisch et al. 2006) however respiration rates in our experiment 339 coming from mesocosms with ants were an order of magnitude higher in these previous studies, 340 indicating that microbial respiration rates are also contributing substantially to total CO2.
341
Additionally increases in respiration in the warmer, manual soil manipulation treatments ( Fig.   342 16 3B) may suggest that there is a strong ant by microbial community interaction that should be 343 further explored in future studies. This is also consistent with Jílková & Frouz (2014) who 344 showed evidence that Formica polyctena stimulated microbial respiration.
345
Ants also indirectly affected nitrogen availability. In ant mesocosms, NH4 + and NO3 -346 concentrations decreased with temperature relative to empty and manually manipulated soils 347 mesocosms without ants. Zelikova et al. (2011) found an initial decrease in NH4 + availability 348 when Aphaenogaster ants were excluded in the field, and Ohashi et al. (2007) found that wood 349 ants (in the Formica rufa group) increased the availability of nutrients for plants. We also found 350 higher concentrations of nitrogen in mesocosms to which ants were added. Because our study 351 was conducted as an experimental mesocosm manipulation, we were able to limit the effects of mechanisms that drive the carbon and nitrogen patterns detected in this experiment. We expect 366 that climatic change will impact eastern North America by increasing precipitation and 367 temperature (IPCC 2013), and the interaction of changing precipitation on ant-mediated 368 ecosystem processes should be a priority for future research. Finally, future studies should 369 consider the impacts of the changes in these ecosystem processes on productivity and the use and 370 uptake of nutrients made available by ants to primary producers, so that the effects of ants on 371 ecosystem processes can be scaled up. shown are means ± 1 standard error of the mean. Line and symbol colors indicate ant additions 534 (black); disturbance controls (blue); and undisturbed controls (red). In C and D, solid lines 535 denote the 10-mm-mesh decomposition bags (ants had access to the litter) and dashed lines 536 denote the 1-mm-mesh decomposition bags (ants did not have access to the litter). 
